We analyze the features of the output field of a generic optomechanical system that is driven by a control field and a nanosecond driven pulse, and find a robust high-order sideband generation in optomechanical systems. The typical spectral structure, plateau and cutoff, confirms the nonperturbative nature of the effect, which is similar to highorder harmonic generation in atoms or molecules. Based on the phenomenon, we show that the carrier-envelope phase of laser pulses that contain huge numbers of cycles can cause profound effects. © 2013 Optical Society of America OCIS codes: 140.0140, 120.4880, 270.1670.
The electric field of a laser pulse can be described in a generic form: Et AEt cosωt ϕ, where A is the amplitude of the pulse, Et is the carrier envelope, ω is the mean frequency, and ϕ is the carrier-envelope phase (CEP) [1] . The CEP of laser pulses, which plays an important role in strong-field ionizations [2, 3] , strong-field dissociation [4] , and attosecond electron dynamics [5] , is the most difficult parameter to measure. The CEP strongly affects the processes involving fewcycle pulses, because the time-dependent electric field changes significantly if the CEP is changed for the case that the pulse only contains a few cycles [6, 7] . For longer pulses, the influence of the CEP becomes smaller [8] . For a pulse containing huge numbers of cycles, for example, 10 7 cycles, it seems almost impossible to have the CEP effects. In this Letter, we give a new method to show that the CEP of laser pulses that contain huge numbers of cycles can also cause profound effects. This method based on a new effect: the high-order sideband generation (HSG) in an optomechanical system.
Optomechanical systems, in which low-frequency mechanical modes are coupled to optical fields via radiation pressure, have recently been the subject of extensive investigations [9] [10] [11] [12] [13] [14] [15] [16] [17] . Figure 1(a) gives the schematic diagram of a traditional optomechanical system. The optomechanical system consists of an high-Q optical cavity, in which one mirror of the cavity is movable. The mass of the movable mirror is m, and the angular frequency is Ω m . In the present work, the optomechanical system is driven by two fields: a monochromatic control field with frequency ω 1 and a nanosecond driven pulse with mean frequency ω p . For the optomechanical system, the effective driven frequency is Ω, which equals ω p − ω 1 , and it shifts a frequency ω 1 from the original frequency ω p , because the effective driven field is in a frame rotating at the frequency ω 1 [13] . So if the driven pulse is in nanosecond scale, it may happen that the effective driven pulse becomes a few-cycle pulse. Figure 1(b) shows an effective driven pulse. The carrier envelope of the pulse is chosen Gaussian here, viz. Et exp−2 ln 2t − t 0 ∕t p 2 , with t 0 6 μs being the center time of the pulse, and t p 50 ns being the full width of half-maximum of the intensity envelope. The driven pulse contains huge numbers (one can estimate the magnitude to be 10 7 ) of cycles in reality. However, in a frame rotating at ω 1 , the effective probe pulse only contains about six cycles. So the CEP of the probe pulse becomes important, and may have profound effects. Here the probing light is replaced by a strong nanosecond pulse.
(b) Effective driven pulse of an optomechanical system. The driven pulse contains huge numbers of cycles in reality. However, in a frame rotating at ω 1 , the effective driven pulse contains only a few cycles. The solid and dotted curves show the electric fields with different CEPs, ϕ 0 (solid curve) and ϕ π∕2 (dotted curve). (c) Frequency spectrogram of a traditional optomechanical system. The frequency of the control field is shown by the yellow line, while the probe field is shown green. The cavity resonance frequency ω c which has a linewidth of κ, is detuned byΔ from the control field. There are second-, third-, and higher-order sidebands.
The evolution of the optomechanical system can be described by the Heisenberg-Langevin equations [13] . In this Letter, we are interested in the mean response of the system, so the operators can be reduced to their expectation values. In a frame rotating at ω 1 , the evolution equations can be obtained as
where G is the coupling constant,Δ Δ − Gx with Δ ω 1 − ω c , κ is the loss rate, η c is the coupling parameter, which is chosen to be critical coupling 1∕2 here, s 1 and s p are the amplitudes of the pump field and the probe field, ω c is the cavity resonance frequency, and Γ m is the mechanical decay rate, which is introduced classically. The quantum and thermal noise terms are dropped because their expectation values are 0. If Et 1 and s p ≪ s 1 , which is a traditional optomechanical system, one can expand the solution around the steady state (ā,x), viz. a ā δa, and x x δx. After ignoring the nonlinear terms −iGδxδa and ℏG∕mδa δa, a group of linear equations can be obtained. Such linearization of the evolution equations can describe the Stokes and anti-Stokes processes [9] [10] [11] [12] [13] . Figure 1(c) shows the frequency spectrogram of a traditional optomechanical system. In addition to the Stokes and anti-Stokes fields, there are some other frequency components when taking account the nonlinear terms, including second-, third-, and higher-order sidebands [18] . The higher-order sideband processes are such that when the control field with frequency ω 1 and the probe field with frequency ω p are incident upon the optomechanical system, there are output fields with frequencies ω 1 nΩ generation, where n is an integer that represents the order of the sidebands. In general, the amplitude of the higher-order sidebands scales perturbatively with the strength of the drive laser. So the higher the order we considered, the smaller the amplitude obtained, and each order of sidebands reduces the amplitude sharply. However, if we use a new regime that both the condition Et 1 and s p ≪ s 1 break, the spectrum of the output field will have the following properties: the amplitude of the low-order sidebands decreases rapidly, followed by a succession of higher-order sidebands whose amplitude is slowly varying. The former is scale perturbative, while the latter is not. This phenomenon is so-called HSG.
The nonperturbative character of the HSG implies that the nonperturbative method is required for studying this effect, and it is unsuitable for using the linearization of the evolution equations. In this Letter, the evolution equations are solved numerically using the Runge-Kutta method, without making the weak probe field-approximation. We use a control field s 1 e −iω 1 t , whose wavelength is 532 nm, with the relation ω 1 − ω c −Ω m . The driven pulse is chosen as s p Ete −iω p tϕ , with ω p − ω 1 Ω m , which is the same as in Fig. 1(b) . The power of the control field is P 1 s 2 1 ℏω 1 0.373 W, and the maximum power of the driven pulse is P p s 2 p ℏω p 9.330 W. For the optomechanical system, we use m 20 ng, G∕2π −12 GHz∕nm, Γ m ∕2π 41.0 kHz, κ∕2π 15.0 MHz, and Ω m ∕2π 51.8 MHz. These parameters of the optomechanical system are chosen from the recent experiment [13] , and are used throughout the whole work. The output field s out t can be obtained by using the input-output notation. The output spectrum Sω ∝ j R ∞ −∞ s out te −iωt dtj can be obtained by performing fast Fourier transform of s out t. Before passing to the results of the numerical calculation, it should be noted that the spectra obtained shift a frequency ω 1 , because the evolution equations describe the evolution of the optical field in a frame rotating at the frequency ω 1 . Figure 2 shows the HSG spectra output from the optomechanical system. A general feature of the HSG spectra is that it decreases rapidly for the first few order sidebands, followed by a plateau where all the sidebands have the same strength, and ends up with a sharp cutoff. There are certain similarities between the HSG and highorder harmonic generation (HHG) in driven nonlinear systems [19] [20] [21] [22] [23] [24] . Both the HSG and the HHG have the same typical spectral structure (plateau and cutoff), and both the HSG and HHG are nonperturbative [24] . However, the HHG is caused by the interaction between intense few-cycle laser pulses and the atoms or molecules, while the HSG is caused by the interaction between the intense effective few-cycle laser pulses and the optomechanical system. For the case where the driven pulse contains only a few optical cycles, the cutoff region of the HHG will be greatly affected by the CEP, and the CEP-dependent effect of HHG has been investigated in some previous works [24] . Here, Fig. 2 shows that such a CEP-dependent effect also occurs in HSG. For different CEPs, the location of the cutoff is also different.
It is worth emphasizing again that such a typical feature of the HSG spectra indicates that HSG is nonperturbative, which can be verified by investigating the dependence of amplitudes of individual sidebands on maximum amplitude of the probe pulse. Figure 3 shows the dependence of the amplitude of the (a) first-, (b) second-, (c) third-, and (d) fourth-order sidebands on the maximum amplitude of the probe pulse. When s p ∕s 1 is small, we observe the expected perturbative behavior: the signal increases linearly, quadratically, cubically, and quartically with s p . When s p ∕s 1 > 1, the amplitudes of individual sideband dependence deviate from power-law scaling, and the perturbative description breaks down.
So far, most studies on the optomechanical system are based on the perturbative interaction between the driven fields and the optomechanical system. For the optomechanical system driven by intense effective few-cycle laser pulses, not only the linearization of the evolution equations [13] but also the method of perturbatively adding the nonlinear terms [18] is inapplicable. We use the method of directly numerically solving the evolution equations to study the system, and find some interesting nonperturbative phenomena: HSG and CEP-dependent effects. Beyond their fundamental scientific significance, our results may have potential applications in optical communications, as [25] has suggested. 
